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The relative stability of RNA duplexes were determined in both solution and gas phase.
Solution stability as determined by a spectrophotometric method indicated that the Watson-
Crick duplexes were more stable than duplexes containing one GA mismatch or two tandem
GA mismatches. Gas phase stability was determined using ESI-MS through variation of the
collision energy in an ion trap. Stability curves similar to the melting curves obtained in
solution were observed. The relative stability in gas phase differed, however, from that in
solution. The duplexes with two tandem GA mismatches were found to be more stable than
the Watson-Crick and single GA mismatch duplexes. The different trends observed in solution
versus gas phase can be attributed to the primary means of interaction. In solution, stacking is
expected to be the dominant interaction mode. In the gas phase, hydrogen bonding is expected
to be the dominant interaction mode. Duplexes with tandem GA mismatches have the
potential to undergo additional hydrogen bonding relative to the other duplexes which could
account for their increased stability in the gas phase. (J Am Soc Mass Spectrom 2004, 15,
1354–1359) © 2004 American Society for Mass SpectrometryThe emergence of electrospray ionization (ESI) haslead to burgeoning interest in the utilization ofmass spectometry (MS) for the analysis of nonco-
valent complexes of bio-molecules [1–3]. Interactions in
these complexes are critical in biological systems be-
cause they are the foundation of molecular recognition.
Although MS does not provide full structural data
compared to NMR and X-ray crystallography, it can
provide important stoichiometry and binding informa-
tion with the use of much less material in much shorter
analysis times.
ESI is a gentle yet efficient method to transfer non-
volatile, thermally labile biopolymers from solution
into the gas phase. Conditions can be manipulated to
minimize heating of molecular ions while still allowing
for sufficient desolvation. Adjustment of the capillary–
skimmer potential difference and the use of low desol-
vation capillary temperatures allow weak associations
found in solution to survive during the transfer to the
gas phase [4]. Consequently, oligonucleotide duplexes
which are stabilized by weak noncovalent interactions
in solution can be detected in the gas phase [4–16].
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doi:10.1016/j.jam.2004.06.008The determination of the relative stability of oligo-
nucleotide complexes in the gas phase was deemed
feasible based on the establishment of a correlation
between the collision energy and the extent of dissoci-
ation of the complex [15, 17]. Gas phase stability could
be determined by tuning the skimmer voltage [15] or by
subjecting the complex to increasing collision energies
in an ion trap [16] and monitoring the relative abun-
dance of the complex as a function of acceleration
voltage or collision energy respectively. The obtained
curves are described as gas phase thermal denaturation
curves [15, 16] where E1/2 (defined as the half wave
collision energy) or Vm (voltage of half fragmentation)
corresponds to the collision energy at which the relative
abundance of the complex is 50%. A higher E1/2 or Vm
indicates a higher gas phase stability of the complex.
These methods do not give absolute energetics of the
noncovalent associations but do give relative energies
of the binding.
The similarity between the curves obtained in the gas
phase and melting curves obtained in solution using
UV spectrophotometry has been attributed to the as-
sumption that increasing the collision energy is equiv-
alent to increasing the temperature of the ion in the gas
phase [16, 17]. In solution, a temperature increase
induces the denaturation of oligonucleotide duplexes.
Base stacking is accompanied by a decrease in UVr Inc. Received March 2, 2004
Revised May 23, 2004
Accepted June 17, 2004
1355J Am Soc Mass Spectrom 2004, 15, 1354–1359 OLIGONUCLEOTIDE DUPLEXES IN GAS AND SOLUTION PHASEabsorption. The breakdown of base stacking with in-
creased temperature is accompanied by a hyper-
chromism manifested as a sudden increase in UV
absorption when the complex dissociates. The midpoint
of this transition is called the melting temperature Tm.
The similarities observed between the solution and gas
phase thermal denaturation curves have led to the
inference that the interaction responsible for the relative
stability of the complex is conserved during the ESI
process [15].
Qualitative correlations between UV melting curves
and MS denaturation curves for oligonucleotide com-
plexes have been observed [12, 13, 15, 18, 19]. In these
studies the stability of various DNA duplexes, with and
without DNA binding drugs, showed the same relative
strength in both solution and the gas phase. These
observations further supported the postulation that the
structures of the complexes in solution are conserved
during the electrospray ionization process [15].
The purpose of this study is to compare the relative
stability of RNA duplexes in the gas phase by collision
induced dissociation (CID) versus their stability in
solution by the traditional spectrophotometric method.
The goal of the study is to determine if measurements of
stability in the gas phase can provide insight regarding
the stability of the complex in solution and to determine
how closely the gas phase structure of complexes mimic
their structure in solution. The stability of duplexes
with conventional Watson-Crick interactions were com-
pared to those with GA mismatched base pairs. RNA
with tandem mismatched GA base pairs are known to
form duplexes that are stabilized by strong stacking
interactions [20–25]. Although GA pairs are among the
more stable mismatches, in solution they are generally
less stable than Watson-Crick base pairs [23].
Experimental
The RNA single strands were chosen to be non-self
complementary and to be of significantly different mass
to allow unambiguous interpretation of the spectra.
Oligonucleotides were purchased from Dharmacon Re-
search, Inc., Lafayette, CO. All oligomers were desalted
and PAGE purified. Each pair of oligonucleotides were
annealed by heating to 75 °C for 10 min and slowly
cooled to room temperature in 100 mM ammonium
acetate aqueous solution to form a 100 M duplex stock
solution.
Mass spectra of ESI produced negative ions were
obtained with a Finnigan LCQ ion trap mass spectrom-
eter (San Jose, CA). The spray voltage was set to 3.8
kV, the heated capillary temperature was 170 °C. The
voltage at the capillary exit was set at 37 V and the
voltage at the tube lens was set at 25 V. The sheath gas
nitrogen flow was 70 units for efficient desolvation.
Helium was utilized as the collision gas during the CID
event. The noncovalent duplex complexes were isolated
in the ion trap and activated by increasing collision
energy from 7 to 20% of 5 V maximum tickle voltage.For each spectrum the relative abundance of the duplex
was calculated as a function of the collision energy to
obtain the collision energy/dissociation profile of the
duplexes. The scan rate was 5000 u/min. Each spectrum
was obtained with 21–22 scans. The stock solution was
diluted to a 10 M sample solution with 50/50 vol/vol
methanol/ 100 mM ammonium acetate. The sample
solution was injected into the mass spectrometer by
direct infusion at 3 l/min. The precision of the E1/2
values was demonstrated through six determinations of
E1/2 for R16d2pcon duplex. The RSD of the six deter-
minations was found to be 0.08%.
The solution melting curves of the duplexes were
obtained on an Aviv 14DS UV-Vis spectrophotometer
(Lakewood, NJ). Melts were performed at 260 nm by
increasing the temperature continuously from 0 to
80 °C at a rate of 0.2 °C/min. The solvent composition
was the same as that used for ESI and the sample
concentration was about 2.5 M to give an absorbance
range from 0.2 to 0.8.
Results and Discussion
The stability of 16mers RNA duplexes were determined
in both solution and gas phase (Table 1). The duplexes
were formed from single strands 5=-GAGUGAXAGU-
GAG-3= (referred to as G) and 3=-CUCACUYUCA-
CUC-5= (referred to as C) where X and Y represent four
varied bases. For the first duplex with conventional
Watson-Crick base pairing, X was UGUU and Y was
ACAA. For the second duplex, with tandem GA mis-
matches, X was UGAU and Y was AAGA. For the third
duplex, with one GA mismatch, X was UGAU and Y
was AAUA.
The gas phase stability of the duplexes were deter-
mined by subjecting them to increasing collision ener-
gies in an ion-trap and measuring the resulting relative
abundance of the duplex as a function of the collision
energy. Figure 1a depicts the mass spectrum obtained
for the conventional Watson-Crick duplex at low colli-
sional energy. The dominant species is the [GC]6
duplex. Figure 1b and c depict the mass spectra ob-
tained upon a higher collisional energy. The signal for
the complex [GC]6 is depleted with a concomitant
increase in signal for the single strands G3 and C3.
This trend is indicative of the increased dissociation of
the duplex with increasing collisional energy. Also
observed are duplex fragments including loss of ade-
nine, loss of guanine, and loss of water from the duplex.
The UV melting curve of the GA tandem mismatch
duplex R16dp2GA is shown in Figure 2. The conven-
tional R16dpcon duplex has a Tm of 51.0 °C versus that
of the tandem mismatch duplex with a Tm of 40.7 °C
and the single mismatch duplex with a Tm of 39.6 °C
(Table 1). These values reflect the decreased stability
associated with mismatched base pairs [23] in solution
and show little difference in the stability of the two
mismatched duplexes. In comparison, there is very little
difference observed in the E values as determined by1/2
1356 YANG ET AL. J Am Soc Mass Spectrom 2004, 15, 1354–1359Figure 1. CID mass spectra of the duplex [GC]6 at relative collision energy (a) 7%, (b) 11.2%, (c)
12.7%. bG, bA are base Guanine and base Adenine, respectively.Table 1. Summary of the study of RNA duplexes
Duplex sequences RNA16mers
Duplex
names E1/2(gas phase) Tm(C)
5=-GAGUGAUGUUAGUGAG-3= R16dpcon 11.44% 51.0
3=-CUCACUACAAUCACUC-5= (GC)
5=-GAGUGAUGAUAGUGAG-3= R16dp2GA 11.56% 40.7
3=-CUCACUAAGAUCACUC-5=
5=-GAGUGAUGAUAGUGAG-3= R16dp1GA 10.92% 39.6
3=CUCACUAAUAUCACUC-5=
5=-GAGUGAUGUAAGUGAG-3= R16d2pcon 11.48% 49.9
3=-CUCACUACAUUCACUC-5=
5=-GAGUGAUGAAAGUGAG-3= R16d2p2GA 11.64% 39.7
3=-CUCACUAAGUUCACUC-5=
5=GAGUGAUGAAAGUGAG-3= R16d2p1GA 11.19% 38.3
3=CUCACUAAUUUCACUC-5=
5=-GAGUGAAGUUAGUGAG-3= R16d3pcon 11.08% 50.0
3=-CUCACUUCAAUCACUC-5=
5=-GAGUGAAGAUAGUGAG-3= R16d3p2GA 11.50% 39.2
3=-CUCACUUAGAUCACUC-5=
5=-GAGUGAAGAUAGUGAG-3= R16d3p1GA 10.89% 39.0
3=-CUCACUUAUAUCACUC-5=
RNA12mers
5=-GUAAUGUAUAUG-3= R12dpcon 10.68% 35.8
3=-CAUUACAUAUAC-5=
5=-GUAAUGAAUAUG-3= R12dp2GA 11.33% 17.0
3=CAUUAAGUAUAC-5=
5=-GUAAUGAAUAUG-3= R12dp1GA 10.68% 16.9
3=-CAUUAAUUAUAC-5=
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matched duplex with the latter appearing slightly more
stable (Table 1, Figure 3). Additionally there is a greater
discrimination in the stabilities of the two mismatched
duplexes. Comparisons of additional 16 and 12 mers
with different center base sequences shown in bold
demonstrate the same trend (Table 1).
In solution, the Watson Crick duplexes are more
stable than the mismatched base pair duplexes. The
tandem mismatched duplexes are only slightly more
stable than the single mismatched duplexes in solution.
However in the gas phase the tandem mismatched base
pair duplexes are more stable than the conventional
Watson-Crick base pair duplexes and are significantly
more stable than the single mismatched base pair
duplexes. The results of our investigation show no
correlation between solution and gas phase stability. A
similar lack of correlation has also been observed for the
interaction of small hydrophobic ligands and proteins
where, in solution their interaction is mainly driven by
hydrophobic forces and in the gas phase by polar
interactions [26].
The absence of correlation between solution and gas
phase stability can be explained through the types of
interactions occurring between the strands of RNA in a
duplex [27]. There are two major types of interactions
within RNA duplexes, base stacking and hydrogen
bonding. Hydrogen bonding occurs between base pairs
in the plane of the bases. Base stacking results from
hydrophobic interactions, dipole interactions, and Lon-
don dispersion forces. Interaction energies calculated
from quantum chemical methods indicate that for a
G™C base pair dimer, hydrogen bonding contributes
28.2 kcal/mol dimer while base stacking contributes
14.59 kcal/mol dimer [27]. This trend was consistent for
all base pairs studied. However, in aqueous solution,
where hydrogen bonding between base pairs is sup-
pressed due to competition with the large excess of
water molecules for hydrogen bond donor and acceptor
sites, the hydrogen bonding energies are decreased [27].
It was estimated that the enthalpy associated with a
hydrogen bond between base pairs in the gaseous state
is approximately 7 kcal/mol per hydrogen bond. This
energy is reduced in solution to approximately 2 to 3
kcal/mol per hydrogen bond. Conversely, stacking
does not possess a hydrophobic component in the
Figure 2. Thermal denaturation curve for the duplex R16dp2GA
in solution.Figure 3. (a), (b), and (c) are dissociation profiles of series 16 mer
duplexes and (d) shows the dissociation profiles of a series 12 mer
duplex.
1358 YANG ET AL. J Am Soc Mass Spectrom 2004, 15, 1354–1359gaseous phase. In solution, stacking will be enhanced
by a hydrophobic component where entropic contribu-
tions will occur when the base pair attempts to reduce
solute-solvent interactions. In solution, a linear correla-
tion has been established between the melting temper-
atures of duplexes and their stacking energies, derived
from estimations of nearest neighbor stabilities [28]. In
the gas phase, a linear relationship has been established
between the number of hydrogen bonds in a series of
self-complementary DNA duplexes and the measured
E1/2 values [16].
One can visualize a change in the primary mode of
interaction during the transition from solution to gas
phase from stacking to that of hydrogen bonding. Two
possibilities arise from a change in the primary mode of
interaction. First, it may have an effect on the tertiary
structure of the RNA. Such an effect has been postu-
lated for proteins in typical ESI-MS [11]. For proteins, in
the transition from solution to gas phase, hydrogen
bonding would be expected to be strengthened, in-
tramolecular Van der Waals forces will be maintained,
but solvent–protein Van der Waals forces will be elim-
inated. The net effect could result in a change in
conformation [29, 30]. In fact, molecular dynamics of
DNA duplexes show loss of all or part of the helical
structure in the gas phase with extensive intrastrand
hydrogen bonding [13]. Based on molecular modeling
such a change in tertiary structure does not necessarily
result in the loss of Watson-Crick base pairing [13].
Secondly, a duplex which is more stable due to base
stacking in solution could conceivably be less stable in
the gas phase where base stacking is negligible and
hydrogen bonding dominates. This theory is consistent
with findings that, for intercalator drugs and DNA
duplexes, complex formation is favored with more
polar complexes when the dielectric constant of the
medium diminishes and electrostatic interactions are
favored [14]. If hydrogen bonding is the dominant
mode of interaction in the gas phase, the observed
trends in stability can be explained based on the total
number of hydrogen bonds between the two strands.
For GA mismatch base pairs, NMR studies have
revealed interactions which results in two hydrogen
bonds between the base pairs [20, 21, 31–33]. Addition-
ally in solution, the two residual amino protons and the
residual imino proton are in close enough proximity to
undergo additional hydrogen bonding with the phos-
phate backbone or to the guanosine 2= oxygen (not
found in DNA) to provide an additional three hydrogen
bonds [20, 31, 32]. In the gas phase where hydrogen
bonding is enhanced, there is the potential for eight to
ten hydrogen bonds for duplexes containing tandem
GA mismatches depending upon if the imino proton
undergoes hydrogen bonding.
The conventional Watson-Crick duplexes studied
here differ from the mismatch duplexes only by the
presence of central motif of a GC and an UA base pair.
The GC base pair is known to have three hydrogen
bonds in solution. In the gaseous state, where hydrogenbonding is enhanced, there is the potential for the two
residual amino protons, one on each base, to undergo
additional hydrogen bonding with the phosphate back-
bone or to the base 2= oxygen for a total of five potential
hydrogen bonds. The UA base pair is known to have
two hydrogen bonds in solution. There is the potential
for further hydrogen bonding, between the residual
amino proton of adenine and either the phosphate
backbone or the base 2= oxygen, for a total of three
potential hydrogen bonds. Together there are eight
potential hydrogen bonds between the two sets of base
pairs. For the duplexes with a single GA mismatch plus
an AU base pair there is the potential for seven or eight
hydrogen bonds. From our study it can be concluded
that the GA tandem mismatch duplex has more poten-
tial hydrogen bonds than the conventional Watson-
Crick duplex and the single mismatch duplex. If hydro-
gen bonding is the dominant form of interaction, the
number of potential hydrogen bonds in the duplex is
correlated to their stabilities.
Conclusion
The gas phase stability trends we observed correlate to
the total number of hydrogen bonds between the du-
plexes and are consistent with the expectation that
stability is dependent upon the number of hydrogen
bonds between the duplexes. The gas phase thus can
differentiate between the stability of the tandem mis-
matched and single mismatched duplexes, whose sta-
bilities are leveled off in solution.
The stability of the Watson-Crick duplexes and the
tandem mismatched duplexes are reversed in going
from solution to gas phase, presumably reflecting the
change in the dominant interaction mode from stacking
to hydrogen bonding.
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